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(71) We, Rolls-Royce Limited, a 
British Company of Moor Lane, Derby, do 
hereby declare the invention, for which 
we pray that a patent may be granted to 
us, and the method by which it is to be 
performed, to be particularly described in 
and by the following statement: — 

This invention relates to jet propulsion 
power plant for aurcraft and has for its 
general obi ect to pr ovide improvements in 



connected to drive the compressor, and a 
first nozzle, and further comprising a second 
duct connected to the first duct to be fed 
with a pressure fluid therefrom, and termin^ 
ating in a plurality of second nozzles, 
characterised in that the second duct is 
connected to the first duct at a point where 
pressure is sufficiently high in relation to 
the individual second nozzles to produce 
from the sec ond nozzles a jet flow the no ise 
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Attempts have been made to reduce the 
noise of a propulsion jet by modifying the 
nozzle so as to increase the noise frequency 

25 to a point where there is a high rate of 
attenuation or even inaudibility. This was 
done by causing the jet flow, which norm- 
ally issues from a smgle nozzle, to issue 
through a plurality of smaller nozzles. 

30 However it has been found that the exhaust 
of a conventional jet engine, i.e. an engine 
comprising in flow series a compressor, a 
combustor, a turbine and a no^c, docs not 
have sufficient pressure to make it possible 

35 to drive the flow through nozzles of suffici- 
ently small area at sufficiently high veloci- 
ties to obtain a useful degree of noise reduc- 
tion without unacceptably higjli efficiency 
losses or size penalties. It is one object of 

40 this invention to reduce or overcome this 
difficulty. ^ 

According to this invention there is pro- 
vided a jet propulsion power plant for air- 
craft, comprising a duct containing in flow- 
45 series a compressor, a combustor, a turbine 



Preferably the second nozzles are ar- 
ranged in at least one row to provide access 
for ambient air to these nozzles and to re- 
duce the frontal area of the power plant 

The . invention is suitable for aurcraft 
capable of vertical or short takeoff and 
landing and in this connection a row of 
downwardly directed second nozzles may be 
arranged to lie in the direction of the axis 
of the compressor and turbme, and in a 
position downstream of the first nozzle and 
off-set fom the flow path of the jet there- 
from. 

An e^mple of a power plant according 
to this invention will now be described with 
reference to the accompanying drawings 
wherein: — 

^ Fig. 1 is a plan view of an aircraft includ- 
mg four such power plants; 

Fig. 2 is an enlarged section on the line 
n— II in Fig. 1; 

Fig. 3 is a view in the direction of the 
arrow m in Fig. 2; 



BEST AVAILABLE COPY 



(M 
CM 



PATENT SPECIFICATION 

DRAWINGS ATTACHED 



1252 077 



10 



15 



20 



25 



30 



35 



40 



45 



(21) ApplicatioTOos. 12338/69 (22) Ffled 8 March 1969 
12339/69 8 March 1969 

(23) Complete Specification filed 4 March 1970 
(45) Complete Specification published 3 Nov. 1971 

(51) International Classification F 02 k 3/02 1/20 B 64 d 27/18 

(52) Index at acceptance 

FIJ IX 2A1A 2A1C 3 

B7G 49B2D 49B4 49B7 49B8 49D1G 49D1J3 49D3E 49E3 
A9B2B 

(72) Inventor RALPH MURCH DENNING 

(54) JET PROPULSION POWER PLANT 




(71) We, RoLLS-RoYcaB Ijmhed. a 
Bntlsh Cbmpany of Moor Lane, D^by, do 
hereby declare the invention, for which 
we pray that a patent may be granted to 
us, and the method by which it is to be 
performed, to be parUcularly described in 
and by the following statement: — 

This invention relates to jet propulsion 
power plant for aircraft and has for its 
g^eral object to provide improvements in 
noise suppression means for such plant. 
^ The acoustic frequency of the exhaust jet 
in a jet propulsion power plant is a function 
of the jet velocity and the cross-sectional 
area of the nozzle through which the jet 
exhausts, the frequency increasing with vel- 
ocity and decreasmg with area. The hidier 
the acoustic frequency the greater the atten- 
uation of the noise by the environment and 
the more nearly will the noise be to the 
Imuts of audibility. 

Attempts have been made to reduce the 
noise of a propulsion jet by modifymg the 
nozzle so as to increase the noise frequoicy 
to a pomt where there is a high rate of 
attenuation or even inaudibility. This was 
done by causing the jet flow, which norm- 
^y issues from a single nozzle, to issue 
torough a plurahty of smaller nozzles. 
However it has been found that the exhaust 
of a conventional jet engines. i.e. an engme 
compnsmg m flow series a compressor, a 
combustor. a turbme and a nozzle, does not 
have sufficienl pressure to make it possible 
to dnve the flow througji nozdes of suffici- 
ently small area at suflSciently high veloci- 
ties to obtain a useful degree of noise reduc- 
tion without unacceptably high efficiency 
losses or size penalties. It is one object of 
Urn invention to reduce or overcome fliis 
difficulty. 

According to this invention there is pro- 
vided a jet propulsion power plant for air- 
craft, compnsmg a duct containing in flow- 
sene s a compressor, a combustor, a turbme 



wnnected to drive the compressor, and a 
lirst nozzle, and further comprising a second 
duct connected to the first duct to be fed 
with a pressure fluid therefrom, and tennm- 
ating in a plurality of second nozzles, 
charactensed m that the second duct is 
connected to the first duct at a point where 
pressure is sufficiently high m relation to 
the mdividual second nozzles to produce 
from the second nozzles a jet flow the noise 
spectrum of which has its peak at an ultra^ 
some frequency. 

Ultrasonic is defined in general usage as 
bemg beyond "ultra" the range of hinan 
hearing some". The upper frequency limit 
for humans vanes from about 18.000 cycles 
per swnd for a child to 15.000 cycles oer 

S'^^^Sf.^'^^^i^^ Thetennultmsonic^ 
used m this specification wiD be understood 
sec? 4 frequency of 16.000 cycles per 



Preferably the second no2zles are ar- 
ranged m at least one row to provide access 
for ambi^t air to these nozzles and to re- 
duce the frontal area of the power plant 

nJ^ui js suitable for ain^ 

capable of vertical or short take-oflf ^ 
landmg, and in this connection a row of 
downwardly directed second nozzl^ mRv be 
arranged to lie in the direction of S^aS 
ol the compressor and turbine, and m a 
posmon downstream of the first nozzle and 
off^t fom the flow path of the jet there- 

fn rtSc^^°^^*-^ a power plant according 
to this invention wffl now be described with 
rgere^cejo the accompanyi^^d?^ 

arSlm^Ei?^^ 
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section on the line 



Rg. 4 is a vi] 
IV in Fig. 2; 

Fig. 5 is an 
V— V in Fig. 2; ^ ^. . 

5 Fig. 6 is a section on the hne VI— VI in 

Fig. 5; 

Fig/? is a perspective view of a detail of 

Figs. 5 and 6; , . . * • 

Fig. 8 is a diagram showing jet noise 
10 spectra at different stages of attenuation; 
and 

Fig. 9 is a diagram relating jet noise 
generated at different pressure ratios. 
Referring to Figs. 1 to 7 the power plant 

15 generally denoted P comprises an engine E 
including a flow duct 10 containing m flow- 
series a compressor 11, a combustor 12, a 
turbine 13 connected to drive the compres- 
sor, and a prunary jet nozzle Nl. The nozzle 

20 Nl is directed rearwards in respect of an 
aircraft 15 (Fig. 1) in which the plant is 
installed and a hood 16 is provided for de- 
flecting the ^aust of the nozde down- 
wards when required. 

25 Only a part of the output of the com- 
pressor 11 is led to the combustor 12. The 
remainder of that output is taken off by a 
flow splitter 20 to a by-pass duct 21 connec^ 
able by valves 22 alternatively to a branch 

30 duct 23 terminating in a rearwardly dnt^rted 
nozzle 24 and to a branch duct 25 tenmnat- 
mg ill a plurality of downwardly dupcted 
secondary nozzles N2. 
The nozzles N2 are arranged m two rows 

35 (Fig. 3) lymg parallel to the axis of the 
compressor and turbine and behmd and 
above the nozzle Nl. Such an arrangement 
provides a low frontal area for the power 
plant and generally makes it possible to 

40 arranae the large number of nozzles N2 in 
a manner allowmg the ambient an: access 
to the individual nozzles for the purpose of 
being induced into tlie jet flov/s thereof to 
contribute to the noise reduction process. 

45 As shown in Figs. 5. 6. tlie flow connec- 
tion between the duct 25 and the nozzles 
N2 includes combustion chambers 27 hav- 
ing fuel supply means 28 for heating the flow 
t^the nozzles N2. The flow from the 

50 combustion chambers 27 is divided by a 
rectangular centre body 31 into rectangular 
opaiings 29 which are sub-divided by flow 
splitters 30, and the actual area of one 
nozzle N2 is the area of an openmg 29 be- 

55 tween two such spUtters or between the end 
of the opening and the nearest splitter. 

The centre bodies are hollow and each 
define a passage 32 for the induction am- 
bient ak as shown by arrows 33. , 
60 The space bdow the nozdes N2 is 
shielded by retractable flaps 34 against ttie 
spread of noise from the rather wide noise 
front presented by the arrangement of the 
nozzles as seen in Fig. 2. ^ ^ • 
SS As shown m Fig. 1. the aircraft 15 is 



provided with four npwer plants P sym- 
metrically spaced aM^e longimdmal axis 
S^eaircSift. "I^P^ts ^5 of the mdi- 
vidual plants are cSBnected by a duct 33 
so that when the nozzles N2 are used. 70 
failure of the engine m one of the plants 
wiU not deprive the nozzles N2 of that plant 
of a pressure supply. 

In operation, for the purpose of vertical 
take-off, the hood 16 and shields 34 are 75 
moved by appropriate actuators mto tne 
positions shown in full lines in the draw- 
incs For transition to forward fli^t the 
hood is retracted and Ihe valves 22 are 
moved to the positions shown m full hues 8U 
to direct the by-pass flow through the 
branch duct 23. ^ . , i « 

The engine may be of a smgle spool or a 
multi-spool type and the junction to the 
duct 21 may be arranged where necessary 85 
along the compressor or compressors to 
obtain the desired pressure ratio for the 
duct 21. 

The combustion chambers 27 are not 
essential in cases where a high pressure ratio 90 
is avaflable and only a relatively low Uirust 
is required, and possibly where a sacrifice is 
acceptable in the power/weight ratio of the 

engine. , , ^ 

It will be noted that the power plant com- 95 
bines horizontal and vertical thrust capabil- 
ity on the basis of a single engine, and 
includes the noise reduction facility which 
is so unportant for vertical thrust apphca- 

tions. , . 1. 

The division of the plant m such a way 
that the gas flow is exhausted through one 
relatively large primary nozzle Nl and a 
plurality of small secondary nozzles N2 
makes it possible to achieve an overall noise 105 
reduction not adiievable if the whole of the 
exhaust of the power plant were passed 
through the nozde Nl. It will be seen (1) 
that the relativdy large turbme pressure 
ratio necessary to drive a compressor cap- 110 
able of feeding both the combustor 12 and 
the by-pass 21 makes it possible to depr^ 
the jet velocity, and thus the noise, at the 
nozzle Nl and (2) that the high pressure 
ratio at which the duct 21 is fed makes it 115 
possible to raise the velocity/area ratio and 
thus the frequency of the jet noise at the 
nozzles N2 to an extent where a significant 
proportion of the noise is either atmosphen- 
cally attenuated or becomes inaudible, i.e. 120 
die pressure is sufficiently high in relation 
to the individual second nozzles to produce 
from the second nozzles a jet flow the noise 
spectrum of which has its pealc at an ultra- 
sonic frequency. The calculations necessary 125 
to bring about these conditions are essenti- 
ally known to those skilled in this art and it 
is necessary here only to point out those 
steps which have a particular bearing on . 
this invention. 
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The calculations start with a known re- 
quirement toi^m^ thrust in the vertical 
direction and^^W assumptions about the 
total mass flo^^equired, the by-pass ratio 
5 (Le. the ratio of the mass flows through the 
by-pass and main ducts), the pressure and 
temperature ratios for the main duct, the 
pressure and temperature ratios for the by- 
pass duct, and so on. 

10 Separate calculations are then made for 
the main and the by-pass duct to determine 
jet velocities, total thrust, specific thrust, 
specific fuel consumption and noise levels. 
The two sets of calculations are then com- 

15 pared and if necessary repeated to obtain 
the best compromise between overall fud 
consumption, thrust, weight and so on. This 
iterative process is well known per se. 
In the calculations for the main duct the 

20 jet velocity is kept sufficientiy low to avoid 
excessive noise levels and if. in the initial 
calculation the pressure chosen for the main 
duct resulted in too high a jet velocity, then 
the by-pass ratio is lowered to lov/er the 



main duct jet velo^v. This consideration 25 
determines the P<]^Hk along the main duct 
at which tiie flov^BRvided. Le. if a lower 
pressure ratio is required for the main duct, 
the junction with the by-^ass duct is selected 
to lie further upstream along the compressor. 30 
and vice versa. A typical figure for a jet 
velocity for the main duct is 950 ft/sec. 

In the calculations for the by-pass duct 
the aim is not low but high jet velocity and 
a set of typical figures is now described by 35 
way of example. 

Assuming a by-pass pressure ratio of 15 : 1 
and a nozzle entry temperature of 100D**K, 
tile calculated jet velocity is about 3500 ft/ 
sec. At this velocity a mass flow giving a 40 
tiirust of 20,0001bs. requies a calculable total 
nozzle area of 68 square inches. Assuming 
this to be divided into 346 nozzles of 0.5 
indi diameter (about 0.2 square inch area), 
it is then possible to calculate the frequency 45 
at the peak of the noise spectrum from the 
simple relationships: — 



Jet Velocity 

Frequency=— — — xStrouhal Number 



Nozzle Diameter 

The term for Strouhal number is approxi- 

50 mately 0.8 at tiie angle of peak noise radi- 
ation and the frequency is. in the present 
example, approximately 16,000 cycles per 
second which is above the normal range of 
human hearing. 

55 Fig. 8 shows at A the uncorrected source 
noise spectrum for the sound pressure level 
of the 346 nozzles at 1500 ft from the point 
of observation, and at B the same spectrum 
corrected for atmospheric attenuation. C 

60 and D show the corresponding spectrum for 
a single nozzle of 68 square inch area and 
demonstrate how although the uncorrected 
pressure level is the same in both cases (i.e. 
at A and Q, the peak level of the attenu- 

65 ated noise for the 346 nozzles is significantiy 
lower than in the case of the sin^e nozzle. 

Fig, 9 shows a set of curves showmg the 
effects of changing pressure ratios on the 
noise produced by the 346 nozzles, together 

70 with the dfects of distance from source of 
noise. It will be noted how the noise level 
rises with reduction in pressure ratio. In 
other words, unless a relatively hi^ pres- 
sure ratio is available, a very large number 

75 of very small nozzles v/ould have to be in- 
troduced to attain significant noise sup- 
pression. It has been found that at pressure 
ratios below 5:1 and nozzle areas below 
0.2 square mches it is not practicable to 

80 seek an improvement of the noise problem 
by raismg the noise frequency. This is partly 
because the nozzle efficiency itself falls with 
the increasmg preponderance of boundary 



layer and partiy because of problems of 
practical construction involving a large nimi- 85 
ber of small outiets. Even nozzle areas of 
the order of 0.2 square inches require special 
structural organisation such as shown in the 
drawings to make them practicable especi- 
ally as regards the induction of ambient ah:. 90 

Just as there are practical limits to the 
reduction in nozzle area, so there are prac- 
tical limits to increasmg pressure ratio, tem- 
perature and jet velocity. The figures men- 
Uoned (15: 1 for pressure ratio. 1000**K for 95 
temperature and 3500 ft/sec for jet velocity) 
are well within the capacity of present-day 
technology, but with improvements in com- 
ponent design and in refractory materials 
higher values can be contemplated. 100 

WHAT WE CLAIM IS:— 

1. Jet propulsion power plant for air- 
craft, comprising a duct containing in flow- 
series a compressor, a combustor, a turbme 
a)nnected to drive the compressor, and a 105 
first nozzle, and further comprising a second 
duct connected to the first duct to be fed 
with pressure fluid therefrom, and terminat- 
mg m a plurality of second nozzles, charac- 
terised in that the second duct is connected 110 
to the first duct at a point where pressure 
B sufficientiy high in relation to the indivi- 
dual second nozzles to produce from the 
second nozzles a jet flow the noise spectrum 
of which has its peak at an utrasonic fre- 115 
quency. 

2. Power plant accordmg to claim 1 
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wherein the se<^|^ozzles are arranged in 

at least one ro^^B . i • o 

3 Power plHP^according to daim z 
wherem the second nozzles are arranged to 
be directed downwardly (in respect of an 
aircraft), to lie in a row extending in the 
direction of the axis of said compressor 
and turbine, and to be situated downstream 
of the first nozzle off-set from the flow path 
of the jet therefrom. . 

4 Power plant according to clami 3 
comprising means for deflecting the jet flow 
of the first nozzle from a rearward direction 
(in respect of an aircraft) into a direction 
liavuig a downward component 

5, Power plant according to claim 2 
comprising a retractable shield arranged 
parallel to the length of the row and down- 
stream of the second nozzles in a position to 
inhibit the spread of jet noise laterally in 
respect of the row. , • . 

6. Power plant accordmg to claim 1 
comprising a third duct connected to the 
second duct at a pomt between the first duct 
and the second nozzles a tWrd nozzle con- 
nected to the third duct and valve means 



for diverting the flojyn the second duct to 
by-pass the second^^des and to be dis- 
charged throu^ tl^^rd nozzle. 

7, Power plant according to claim 1 
wherem the second nozzles comprise a pair 
of rectangular discharge passag^ arrang^ 
at two opposite sides of a centre body which 
is of substantially rectangular form (as seen 
in the general direction of flow) and which 
has a passage connectmg at least one of ip 
remaining sides to its downstream end for 
the induction of air into a position between 
said discharge passages. , ^ . is. 

8. Jet propulsion power plant for aucralt 
substantially as described herein with refer- 
ence to the accompanying drawmgs. 

For the Applicant 
G. S. COURTNEY, 
Chartered Patent Agent. 

Rolls-Royce Limited, 
Bristol Engine Division, 
P.O. Box 3, 
Filton, 
Bristol. 
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